Two conflicting phenomena, the bystander effect and the adaptive response, are important in determining biological responses at low doses of radiation and have the potential to have an impact on the shape of the dose-response relationship. Using the Columbia University charged-particle microbeam and the highly sensitive A L cell mutagenic assay, we reported previously that nonirradiated cells acquired mutagenesis through direct contact with cells whose nuclei had previously been traversed with either a single or 20 ␣ particles each. Here we show that pretreatment of cells with a low dose of X rays 4 h before ␣-particle irradiation significantly decreased this bystander mutagenic response. Furthermore, bystander cells showed an increase in sensitivity after a subsequent challenging dose of X rays. Results from the present study address some of the pressing issues regarding both the actual target size and the radiation dose response and can improve on our current understanding of radiation risk assessment. ᭧
INTRODUCTION
There are many reports on the roles of the bystander effect and the adaptive response, two interesting and important phenomena, in the effects of low-dose radiation (reviewed in refs. [1] [2] [3] [4] [5] . Bystander effects tend to exaggerate the effect of low doses by eliciting damage in nonirradiated cells, while the adaptive response, induced by a low initial priming dose, reduces damage from a subsequent challenging dose. Although these two conflicting phenomena have attracted much interest, there are very few data that directly address the interaction of the two effects (6) (7) (8) .
Using the Columbia University charged-particle microbeam and the highly sensitive A L cell mutagenic assay, we reported previously that cells lethally irradiated with ␣ particles could induce mutagenesis in neighboring cells not directly hit by the particles, and that reactive oxygen spe-cies were not directly involved (9) . These observations were extended to cells traversed by a single ␣ particle, and it was seen that gap junction-mediated cell-cell communication played an important role in mediating the process of bystander mutagenesis (10) . In our present study, two related experiments were designed to explore the interactions between the bystander effect and the adaptive response. First, we addressed the question of whether low-dose radiation decreased bystander mutagenesis. Second, we examined the mutagenic response of the bystander cells to a subsequent high-dose irradiation. Our data show that in the presence of low-dose radiation stress, bystander mutagenesis is decreased by the adaptive response, whereas the bystander cells show an increase in sensitivity after a subsequent challenging dose of X rays. If these results were applicable in vivo, they might have significant consequences in terms of extrapolation of radiation risks from high to low doses, implying that the relevant target for radiation oncogenesis is larger than an individual cell, and that the risk of carcinogenesis would increase more slowly, if at all, at intermediate doses. Therefore, a simple linear extrapolation of radiation risk from intermediate doses (where they can be measured) to low doses (where they must be inferred) would be of questionable validity, at least at high LET.
MATERIALS AND METHODS

Cell Culture
Human-hamster hybrid A L cells, which contain a standard set of Chinese hamster ovary-K1 chromosomes and a single copy of human chromosome 11, were used in this study (11, 12) . Cells were maintained in Ham's F-12 medium supplemented with 8% heat-inactivated fetal bovine serum, 25 g/ml gentamicin, and 2 ϫ 10 Ϫ4 M glycine at 37ЊC in a humidified 95% air/5% CO 2 incubator and passaged as described previously (13) (14) (15) .
Irradiation Procedure
Cells were irradiated with ␣ particles using the Columbia University charged-particle microbeam as described (9, 10, 15, 16) . Briefly, exponentially growing cells were plated on specially constructed microbeam dishes. Two days after plating, when the cultures were more than 80% confluent in the center of the growth surface, the nuclei of attached cells were stained with a 50 nM solution of Hoechst 33342 dye for 30 min. The image analysis system then located the centroid of each nucleus and irradiated them randomly one at a time with an exact number of ␣ particles. For determining the adaptive response, cells were irradiated with a low dose of X rays (0.02-0.5 Gy) 4 h before the ␣-particle irradiation. To examine the response of the bystander cells to the subsequent challenging dose, 10% of the cells were randomly given a lethal dose of 20 ␣ particles directed at the nuclear centroid. Four hours later, the cultures were irradiated with a subsequent challenging dose of 3 Gy X rays. After the second irradiation, cells were maintained in the dishes for 2 days before being removed by trypsinization and replated into culture flasks. After culture for 4-5 days, the cells were trypsinized and replated to measure the mutant fraction as described previously (13) (14) (15) .
Quantification of Mutations at the CD59 Locus
Irradiated and control cultures were trypsinized 2 days after irradiation, plated in culture flasks, and incubated for 5 more days before the mutation assay was performed as described (13) (14) (15) . Briefly, 5 ϫ 10 4 cells were plated into each of six 60-mm dishes in 2 ml of growth medium. Cultures were incubated for 2 h to allow for cell attachment, after which 0.3% CD59 antiserum and 1.5% (v/v) freshly thawed complement were added to each dish (13) (14) (15) . The cultures were further incubated for 7 days. At this time the cells were fixed and stained, and the number of CD59 -mutant colonies was scored. The cultures derived from each treatment dose together with the appropriate controls were tested for mutant yield for 2 consecutive weeks to ensure full expression of the mutations.
Analysis of Mutant Spectrum by Multiplex PCR
Independently derived colonies were isolated by cloning and expanded in cultures. DNA was extracted using a salt-out method (17) . To ensure their clonal origin, either a single colony or, periodically, two well-separated colonies per culture dish were isolated. Five marker genes located on both the long and short arms of human chromosome 11 (Wilm's tumor, parathyroid hormone, catalase, RAS and apolipoprotein A-1) were selected for analysis using multiplex PCR as described previously (9, 16) .
Statistical Analysis
All numerical data were calculated as means and standard deviations. Comparisons of induced mutation frequencies between treated groups and controls were made by Student's t test. Differences in the mutant spectra between treated group and control were analyzed by 2 analysis. A P value of 0.05 or less between groups was considered to be significant.
RESULTS
A L cells irradiated with doses of X rays ranging from 0.02 to 0.5 Gy resulted in a low but significant induction of mutations at the CD59 locus as shown in Fig. 1 . The background CD59
-mutant fraction among the population of A L cells used in these experiments averaged 61 Ϯ 19 per 10 5 survivors, and it was subtracted from both control and experimental values in the data shown in Figs. 1-3 . Consistent with our previously published data, irradiation of 10% of a confluent cell population with a lethal dose of 20 ␣ particles each through the nuclei resulted in a mutant yield that was approximately three times higher than the background among the nonirradiated neighboring cells (9) . Likewise, irradiation of 10% of cells with a single ␣ particle each resulted in a mutant yield similar to that observed when all of the cells in the population were hit by a single ␣ particle (10) . Pretreatment of cells with a low (0.02 or 0.1 Gy) dose of X rays significantly reduced this bystander mutagenesis (P Ͻ 0.05, Fig. 1 ) by 62% and 58%, respectively. An increase in the priming dose decreased the inhibitory effect such that pretreatment with 0.5 Gy of X rays reduced the bystander mutant yield by only 12%, and the difference was no longer statistically significant. A similar mutagenic response was found if 10% of the cells were given a near lethal dose of 20 ␣ particles each delivered to the nuclei. As shown in Fig. 2 , if the cells were pretreated with a dose of 0.1 Gy X rays, the mutant yield from the population in which 10% of randomly selected cells were irradiated with 20 ␣ particles decreased significantly (P Ͻ 0.05). These results imply that in the presence of low-dose radiation stress, bystander mutagenesis is suppressed by the adaptive response, though the mechanism(s) is unclear.
To determine the genotoxic response of the bystander cells to a subsequent high-dose irradiation, 10% of randomly selected cells were irradiated with a lethal dose of 20 ␣ particles each. Four hours later, cultures were irradiated with a dose of 3 Gy X rays. We found that bystander cells 514 ZHOU ET AL.
FIG. 3.
Response of bystander cells to a subsequent challenging highdose irradiation. Ten percent of randomly selected cells were irradiated with a lethal dose of 20 ␣ particles each. Four hours later, cultures were irradiated with 3 Gy of X rays. Data were pooled from three independent experiments. Error bars represent ϮSD.
FIG. 4. Mutation spectra of CD59
-mutants isolated either of spontaneous origin or induced by radiation. Each line depicts a single mutant. Blank spaces depict missing markers on human chromosome 11 as determined by multiplex PCR.
that were not directly hit by ␣ particles exhibited a significantly higher mutant yield than control cells when exposed to X rays under similar conditions (Fig. 3 , bar 4 compared to bar 3, P Ͻ 0.05). Furthermore, the mutant yield among the bystander cells exposed to a dose of 3 Gy X rays was significantly higher than a simple additive effect of the bystander mutation and X-ray-induced mutagenesis (Fig. 3 , bar 4 compared to bar 5, P Ͻ 0.05). These data indicate that bystander cells show an increase in sensitivity after a subsequent challenging dose of X rays.
To further probe the possible mechanism of the interaction of bystander effects and adaptive response, we examined the types of mutation associated with the CD59 -phenotype in A L cells using multiplex PCR techniques. A total of 212 CD59 -mutants of either spontaneous or radiationinduced origin were analyzed to ascertain the presence or absence of five chromosome 11 markers located on either side of the CD59 gene. As shown in Fig. 4 , about half of the spontaneous CD59 -mutants showed no detectable changes in any of the marker genes examined. Compared with those of spontaneous origin, 36% and 43% of the mutants from cells irradiated with 0.1 Gy X rays or from the population in which 10% of randomly selected cells were traversed by a single ␣ particle, respectively, showed the presence of all five marker genes examined. The difference was not significant. In contrast, 85% of the mutants from the population in which 10% of randomly selected cells were pretreated with 0.1 Gy of X rays and irradiated with a single ␣ particle had lost at least one additional marker. Pretreatment with a dose of 0.1 Gy X rays followed by exposure of 10% of the cells to a single ␣ particle through the nucleus increased the incidence of complex mutations (complex mutants have lost markers in a discontinuous fashion) from 3% to 20%. The difference in mutant spectrum between the two groups with or without X-ray pretreatment was statistically significant ( 2 ϭ 12.98, P Ͻ 0.001).
DISCUSSION
Based principally on the cancer incidence found in survivors of the atomic bombs in Japan, the International Com-515 BYSTANDER EFFECT AND ADAPTIVE RESPONSE mission on Radiation Protection (ICRP) and the U.S. National Council on Radiation Protection and Measurements (NCRP) have recommended that estimates of cancer risk for low-dose exposure be extrapolated from higher doses where data are available using a linear, no-threshold model (18, 19) . This recommendation is based on the dogma that the DNA of the nucleus is the main target for radiation-induced genotoxicity and, since fewer cells are directly damaged, the deleterious effects of radiation decline proportionally. However, two conflicting phenomena, the bystander effect and the adaptive response, may be important in determining biological responses to low doses of radiation and might have the potential to have an impact on the shape of the dose-response relationship. A better understanding of the mechanisms of radiobiological effects at low doses would shed light on the validity of the model used currently and provide a rationale for the best estimates of risk.
Considerable evidence is now emerging that targeted nuclei may not always be required in mediating the genotoxic effects of radiation. Nonirradiated bystander cells have been shown to have similar cytotoxic and genotoxic responses to those detected in directly irradiated cells (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . Early investigations of radiation-induced bystander effects measured the frequency of sister chromatid exchanges (SCEs) in populations of CHO cells exposed to low fluences of ␣ particles. It was found that SCE levels were significantly higher than expected from calculations of the number of cells likely to have been hit by an ␣ particle (20, 22) . Furthermore, such biological effects as induction of micronuclei (25, 33) , gene mutation (9, 10, 26) , expression of stress-related genes (21, 26) , and malignant transformation of mammalian cells in vitro (30) can occur in a significantly higher proportion of cells than in those traversed by an ␣ particle. There is evidence that gap junctionmediated cell-cell communication plays a critical role in the bystander response (9, 10, 26, 29, 32) , while secretion of cytokines or other growth-promoting factors by irradiated cells has been suggested to modulate the bystander response (23, 24, 28) . However, the precise mechanism of the bystander effect is not clear. It is likely that different signaling pathways are required in either confluent or sparsely populated cultures. Since CHO cells have been shown to exhibit a bystander response and these cells contain mutant TP53, it is likely that a TP53-dependent signaling pathway may not be critical in the process. The observation that bystander micronucleus induction in human fibroblasts can be attributed to a redox-sensitive signaling pathway that is linked to gap junction communication (33) suggests that a cascade of events may be necessary for the signaling process.
The adaptive response is characterized by a reduction of radiobiological response in cells pretreated with a low dose of radiation followed by exposure to a higher challenging dose. Since the original experiments reported in 1984 (35) , numerous studies have shown the existence of such a response with a variety of end points in various cell types (reviewed in ref. 4) . Although the mechanism(s) of the adaptive response has not been elucidated, there is some evidence that the protein kinase C-mediated signaling pathway is a key step for the transduction of the low-doseinduced signal (4) . Although the bystander effect and adaptive response have attracted considerable attention, there are only limited data available comparing the bystander effect and the adaptive response (6-8). Sawant et al. (6) reported that an adaptive dose of 2 cGy of ␥ rays, delivered 6 h beforehand, canceled out about half of the cytotoxic bystander effect produced by the subsequent ␣-particle irradiation. Using transfer of supernatants of normal human lung fibroblasts (HFL-1) irradiated with 1 cGy of ␣ particles or ␥ rays to unirradiated HFL-1 cells as a bystander model, Iyer et al. (7, 8) found that clonogenic survival after subsequent exposure to ␣ particles or ␥ rays was significantly increased, and increases in AP endonuclease were found in the bystander cells but not in directly irradiated cells.
In our present studies, we found that pretreatment of cells with a low dose of X rays (Յ0.1 Gy) 4 h before ␣-particle irradiation (1 or 20 ␣ particles) significantly decreased the bystander mutagenic response. These results are consistent with the previous findings of Sawant et al. (6) . Although the nature of the molecular mechanism is not clear, it is possible that an inducible protein is triggered by low-dose radiation that leads to protection of cells against the deleterious effects of a subsequent irradiation. In this regard, our data are consistent with those of Ueno et al. (36) , who demonstrated a reduction in CD59 -mutants among A L cells pretreated with a dose of 0.04 Gy ␥ rays before they were exposed to a subsequent challenging dose of 4 Gy. Furthermore, the increase in the incidence of complex mutations among the bystander mutants pretreated with a dose of 0.1 Gy X rays is also consistent with the findings of Ueno et al. (36) . There is an indication that many of these complex mutations are unstable in time and may be a marker of transmissible genomic instability (37) . Additionally, we found that the bystander cells showed an increase in sensitivity after a subsequent challenging dose of 3 Gy of X rays. Radiobiological responses at low doses are likely to be a complex interplay among direct effects, the adaptive response, and the bystander effect. The use of a linear, nothreshold extrapolation model for low-dose risk assessment has become even more controversial in light of the recently reported studies of the bystander phenomenon. The important question is, which is more important, the bystander effect or the adaptive response? This question remains unanswered, and more studies are needed to elucidate the mechanism(s) involved.
